Abstract The delivery of adult skeletal muscle stem cells, called satellite cells,
Introduction
Satellite cells are resident adult stem cells that contribute to hypertrophy and repair in adult skeletal muscle. Based on the contention that satellite cells are the cell type largely responsible for normal skeletal muscle regeneration, it is plausible to suggest they are a tool to improve muscle regeneration when a depletion or challenge to the myogenic pool exists; e.g., Duchenne muscular dystrophy (Blau et al. 1983; Wright 1985; Skuk and Tremblay 2003; Mouly et al. 2005 ) and aging (Chakravarthy et al. 2000 ; Lees et al. 2006; Day et al. 2010) . It is intuitive that the injection of satellite cells in proximity to the area of damage would result in the most effective treatment. Although endogenous satellite cells located several millimeters away from a site of injury are stimulated to proliferate and later migrate toward the site of injury , the migratory capabilities of myogenic cells delivered intramuscularly is limited (Ito et al. 1998) . Increasing the number of injections and injections sites partially addresses this complication (Skuk et al. 2007) , but this technique is still insufficient to deliver enough stem cells to all of the affected regions equally. In many cases, areas of skeletal muscle needing repair may be overlooked or may not be readily accessible. Therefore, others have focused on alternate routes for the delivery of skeletal muscle stem cells, including intra-arterial, extracorporeal, and intravenous delivery (Neumeyer et al. 1992; Torrente et al. 1999 Torrente et al. , 2001 Peault et al. 2007) , intravenous delivery being the least invasive of these procedures that supports cell engraftment in skeletal muscle (Ferrari et al. 1998; Bachrach et al. 2004; Dezawa et al. 2005) . However, the extent to which the systemic delivery of satellite cells is limited by the tendency to reside in organs, including the lungs, liver, and spleen, as described for other stem cells (Gao et al. 2001 ) has yet to be fully characterized.
Although cell labeling and immunostaining of tissue sections are commonly used to characterize satellite cell survival and migration, these experiments are difficult to quantify, often require muscle explants and animal sacrifice to determine results, and are limited by the large number of animals required and inter-animal variability. To improve our understanding of cell survival and migration of transplanted cells in vivo it would be advantageous to have the capability of using other sensitive quantification techniques and imaging modalities. Noninvasive in vivo imaging techniques, including magnetic resonance imaging (MRI) of nanosized superparamagnetic iron oxide (SPIO) labeling (Cahill et al. 2004) , nuclear imaging of radio-labeled cells (Brenner et al. 2004) , and optical imaging of cells labeled with fluorescent or bioluminescent dyes (Lin et al. 2007; Rosen et al. 2007; Sacco et al. 2008) , have been used in recent years for studying satellite cells and other skeletal muscle stem cells. The successful development of high-resolution small-animal SPECT systems provides a powerful new means for studying transplanted satellite cell homing using small animals. A stationary small-animal SPECT imager called FastSPECT II, which was constructed completely at the University of Arizona, provides advantages over singledetector SPECT systems, including improved sensitivity from acquiring all views at once and the ability to collect and reconstruct four-dimensional data from non-periodic processes ). This unique high-resolution SPECT system has been used successfully in cardiac imaging studies and stem cell tracking with small-animal models (Liu et al. 2002 (Liu et al. , 2004 . Based on these reports, nuclear imaging with SPECT seems well suited for tracking and mapping the biodistribution and cell fate of transplanted satellite cells in small-animal models, however, the use of 111 In-oxine for radio-labeling of satellite cells has yet to be performed. Therefore, the goals of the study were to determine the ability of satellite cells to home to injured skeletal muscle and to determine the usefulness of 111 In-oxine labeling and SPECT imaging for in vivo quantification of satellite cell homing when delivered systemically.
Previously, most studies of satellite cells were delivered to skeletal muscle with intramuscular injections. For comparison, our first experiment was designed to validate the feasibility of radiolabeling satellite cell with 111 In-oxine and capability of imaging transplanted satellite cells via intramuscular injection with FastSPECT II. In the second experiment, satellite cells were first labeled with GFP, followed by 111 In-oxine labeling. The dual-labeled cells were intravenously administered into animals with skeletal muscle injury induced by bupivicaine injections 24 hours earlier. GFP labeling of cells allowed for a verification of SPECT imaging and provided support to the observation of satellite cells homing to the injured muscle. In the third experiment, satellite cells were labeled with quantum dots to support the observations of satellite cells homing to injured muscle and to provide information regarding the regenerative potential of the satellite cells following intravenous delivery.
Materials and methods

Satellite cell isolation and tissue culture
Primary satellite cells were isolated from the gastrocnemius, soleus, and plantaris muscles as previously described (Allen et al. 1997) . Briefly, muscles were excised, trimmed of excess connective tissue, hand-minced with sterile scissors, and digested for 1 h at 37°C with 1.25 mg/ml pronase (Sigma, St. Louis, MO). Cells were then separated from muscle fiber fragments and tissue debris by differential centrifugation, pre-plated in 10 % fetal bovine serum/Dulbecco's modified Eagle's medium (FBS/ DMEM) for 2 h, and then seeded in growth media (GM) composed of 20 % FBS/DMEM with 1 % antibiotic antimycotic (ABAM) (Invitrogen, Grand Island, NY) and 0.05 % gentamicin (Invitrogen, Grand Island, NY) on tissue culture-treated plates coated with 20 ll/cm 2 polylysine (0.1 mg/ml in distilled water) and a 10 lg/ml solution of fibronectin in sterile phosphate buffered saline (PBS).
Transfection
First passage satellite cells were transfected with pEGFP-C1 plasmid vector (BD Biosciences Clontech: GenBank Accession #:U55763) using FuGENE 6 (Roche, Indianapolis, Indiana) at a 1:3 ratio of deoxyribonucleic acid (DNA) (mg): transfection reagent (ml). Briefly, 12 mg of plasmid DNA diluted in a solution containing 1,164 ml of Opti-MEM (Invitrogen, Grand Island, NY) and 36 ml of Fu-GENE 6 complex was added to each 15 cm dish. The cells were incubated for 6 h at 37°C; then the media was replaced with growth media (20 % FBS/DMEM with antibiotics). The pEGFP transfected cells were then radiolabeled with 111 In-oxine as described below.
111 In-oxine labeling of satellite cells Three days after GFP transfection satellite cells were trypsinized, washed with PBS, and resuspended in 1 ml of serum-free media (DMEM) at a concentration of 1 9 10 6 cells/ml. The cells were then incubated with 111 Inoxine (GE Healthcare, Phoenix, AZ) at 100 lCi/million cells for 20 min at room temperature. To remove the unbound label, the cells were centrifuged at 400 g for 7 min (800 rpm for 7 min), washed twice with PBS, and the supernatant was removed (Brenner et al. 2004) . Labeling efficiency of satellite cells ranged from 70 to 90 %, as measured on a CRC-15 W dose calibrator/well counter (Capintec, Ramsey, NJ). Cell viability based on trypan blue staining after cell replating was determined to be 97 %, and there was no effect on the ability of satellite cells to differentiate into muscle when exposed to differentiation media (data not shown). Once cells were washed, cells were resuspended in DMEM for satellite cell transplantation as described below.
Quantum dot labeling of satellite cells
Passage two satellite cells were labeled with Qtracker 705 (Invitrogen, Grand Island, NY) for 3 h at a concentration of 2-15 nM in antibiotic free growth media. After 3 h, the media were changed to normal growth media (20 % FBS/ DMEM) with antibiotics. 24 hours after labeling, cells were trypsinized with TrypLE Select (Invitrogen, Grand Island, NY) and resuspended in 100 ul of DMEM for intravenous injections.
Animal preparations and skeletal muscle injury Adult male Fisher 344 rats (National Institutes of Health Aging Colony maintained by Harlan Sprague-Dawley Laboratories) were used for the transplantation studies. They were housed at 21°C, maintained on a 12:12 h lightdark cycle, and allowed free access to food and water. All animal care and use was conducted according to National Research Council guidelines and approved and supervised by the University of Arizona Institutional Animal Care and Use Committee.
Twenty-four hours prior to satellite cell transplantation as described below, the tibialis anterior (TA) muscle was injured in three Fisher rats by injecting 0.2 ml of 0.75 % bupivacaine hydrochloric acid (HCl) (Sensorcaine, AstraZeneca), a local anesthetic that causes acute muscle fiber necrosis and massive cellular infiltration of macrophages, followed by rapid regeneration of the muscle fiber (Benoit and Belt 1970) ; but it does not permanently damage satellite cells (Hall-Craggs 1980) , the vasculature (Grim et al. 1988 ), basal lamina, or endomysial tubes (HallCraggs 1974) . The TA muscle was selected because it is a superficial muscle that is injured and imaged easily with gamma ray and other optical imaging modalities. After experiments, the animals were sacrificed by intraperitoneal injection of ketamine (80 mg/kg), xylazine (10 mg/kg), and acepromazine (4 mg/kg), followed by exsanguination. 111 In-oxine labeled satellite cell transplantation Animals were anesthetized with 1.0-2.0 % isoflurane. Intramuscular cell transplantation in two healthy rats without muscle injury was carried out by direct injection of 40 lL of 111 In-oxine labeled satellite cells (6.0-10 9 10 5 cells) (60-100 lCi, 2.22-3.70 MBq) into the muscle using a syringe with 26-gauge needle. The cells in DMEM were delivered by inserting the needle from the proximal and then the distal ends of the muscle parallel to the long axis. Radioactivity was measured before and after injections in the syringes. Three anesthetized Fisher rats with left TA injury received intravenous transplantation of 111 In-labeled satellite cells. The cells (2 9 10 6 cells/100 ll, 200 lCi) were injected into the tail vein of each rat and chased with 100 ll of DMEM to assure proper dispensing of cells. After cell transplantation, the rats were allowed to recover, move freely, and have free access to food and water.
In vivo High-resolution SPECT imaging and analysis
Under anesthesia with 1-2 % isoflurane, animals that received 111 In-oxine-labeled satellite cells were imaged with a stationary high-resolution SPECT system, Fast-SPECT II, which was built in the Center for Gamma-Ray Imaging of the University of Arizona. FastSPECT II consists of 16 modular scintillation cameras. Each camera has a scintillation crystal of sodium iodide doped with thalium [NaI (Tl)] and a 3 9 3 array of 1.5-inch-diameter photomultiplier tube (PMT). The spatial resolution of the system is approximately 1 mm, and the system sensitivity is 10 cpc/mCi (Liu et al. 2007 ). The field of view of FastSPECT II is 40 mm, but for this study, the focus was the region around the legs. Animals were transported into the system aperture using a translational stage and positioned so that both the right and left TA muscles were in the center of the field of view.
High-resolution SPECT images were acquired at 2-3, 24, 72, 144, and 168 h post-administration of 111 In-oxinelabeled satellite cells in the intramuscular and intravenous injection groups. Intramuscular injections were used to demonstrate the feasibility of satellite cell labeling and estimation of cell location over time. Acquisitions were obtained for 5 min from a total of 16 projections to generate a data set for tomographic reconstruction. To enhance signal intensity for better visualization and region-ofinterest (ROI) establishment, images at 168 h post-injection were acquired for 10 min. The physical half-life of 111 In allowed for the monitoring of cell distribution for at least 7 days. Serial tomographic transaxial, coronal, and sagittal slices with one-pixel thickness (0.5 mm) were generated by using 50 iterations of the ordered-subset expectation maximization (OS-EM) algorithm. The reconstructed coronal slices were selected and quantitatively analyzed by creating Ellipsoid or 3D Isocontour region of interest (ROI) using AMIDE (A Medical Imaging Data Examiner) 0.9.1 software. The ROI was created and centered on the right or left TA muscle areas with or without injury using previous scans of rats with fiduciary markers. The radioactive counts over the ROIs were applied to generate regional time-activity curves from 2-3 to 168 h post intramuscular or intravenous 111 In-labeled cell injection, which were corrected for ROI size (pixels), radioactive decay, and acquisition time. Care was taken to draw ROIs on both sides consistently. To avoid effects from variations of injected dose, individual TAs were normalized at each time point for initial peak counts at 3 h post-injection.
Biodistribution measurement and autoradiography
On day 7 after cell transplantation and last imaging of intravenously injected rats, they were euthanized and major organs, injured muscles, and remote control muscles were collected, weighed, and radioactivity measured using a CRC-15 W dose calibrator/well counter (Capintec, Ramsey, NJ). Radioactivity in the tissue was corrected for 111 In decay and normalized to the tissue weight and injected dose (%ID/g). Spatial distribution of radioactivity in the TA and extensor digitorum longus (EDL) muscles was visualized using autoradiograph imaging. The muscles were removed and exposed to Fuji Film phosphor imaging plates for 15-30 min. Images were acquired from the plates using a Fuji Film BAS5000 Bio-Imaging Analysis System (Stamford, CT).
Immunostaining of tissue sections
Selected muscle samples from intravenously injected rats were embedded in optimal cutting temperature (OCT) tissue-freezing media (Tissue Tex, Inc.) using 2-methylbutane precooled in liquid nitrogen 7 days after injection. TA muscles were cryo-sectioned at 10 lm thickness and stained for dystrophin, MyoD, Pax7, and 4 0 ,6-diamidino-2-phenylindole (DAPI). Antibodies used in staining include rabbit anti-dystrophin (Santa Cruz Biotechnology, Inc., Dallas, TX; 1:200) with a secondary Alexa Fluor 488 donkey anti-rabbit (Invitrogen, Grand Island, NY; 1:700), anti-MyoD with a secondary Alexa fluor 488 (Molecular Probes; 1:1,000), mouse anti-Pax7 with a secondary Alexa fluor 488 (Molecular Probes; 1:1,000), and a glycerol DAPI stain (Santa Cruz) was used to cover slip slides for visualization of nuclei. For muscles injected with 111 In oxine and GFP-labeled cells, tissues were embedded in OCT tissue freezing media (Tissue Tex, Inc.) using 2-methylbutane precooled in liquid nitrogen. TA muscles were cryosectioned at 10 lm thickness, and a glycerol DAPI stain (Santa Cruz Biotechnology, Inc., Dallas, TX) was used to cover slip slides for visualization of nuclei, and GFP-labeled cells.
GFP RT-PCR assay
TA and EDL muscles from animals injected intravenously were excised, frozen in liquid nitrogen, and stored in a -80°C freezer for later DNA extraction. Tissue samples were ground into fine powder in mortar and pestle with liquid nitrogen and digested using the DNEasy kit (Qiagen Inc., Valencia, CA). For real-time PCR measurements, DNA samples were loaded at 5 ng/ml using SYBR green (BioRad Laboratories, Hercules, CA) and readings acquired using the Bio-Rad IQ5 icycler. The pEGFP primers included Forward: GAC GTA AAC GGC CAC AAG TT, and Reverse: AAG TCG TGC TGC TTC ATG TG. The annealing temperature used for these experiments was 63°C.
Statistical analyses
The results are presented as mean intensity normalized to the control leg. All quantitative data are expressed as mean ± standard error of the mean (SEM). Statistical comparisons of variables were assessed using ANOVA or a paired-t test, and p \ 0.05 was considered significant.
Results
FastSPECT II imaging of
111 In-oxine-labelled cells into uninjured muscle Approximately 6-10 9 10 5 cells were injected intramuscularly into uninjured muscles in each rat. As shown in Fig. 1a , the FastSPECT II images acquired for 5-10 min showed sufficient radioactive intensity on the injected sites to define the individual legs for comparison. The in vivo focal distributions of 111 In radioactivity could be well visualized on tomographic images from 2 to 168 h postinjection. The radioactive distribution in the control left leg was invisible and at the level of soft-tissue background. The time-activity curves of right TA muscle versus the control side (left TA) measured by ROI analysis over time were shown in Fig. 1b . After corrected for the 111 In decay and acquisition time, a significant difference was observed at each time point from 2 to 168 h between the left and right leg. The percentage of initial radioactivities at 2 h post-injection on the right TA muscle that persisted for 7 days was 9.97 ± 1.46 %. Assuming that most radioactivity remains associated with satellite cells, the diminishing activity reflects diminishing cell numbers and is consistent with low survival rates of cultured satellite cells injected intramuscularly (Skuk and Tremblay 2003) .
FastSPECT II Imaging of systemically delivered 111 Inoxine-labeled satellite cells in injured sites
To determine whether satellite cells can be transplanted systemically (intravenously) and migrate to sites of injury, the injured and control muscles in anesthetized rats were imaged by FastSPECT II for 15-30 min at 3, 24, 72, 144, and 168 h post transplantation of 111 In-oxine-labeled satellite cells. Twenty-four hours after bupivicaine-induced muscle injury and 3 hours after cell injection, the radioactive distribution in both injured and control muscle was barely detectable and at the level of soft-tissue background. The in vivo focal distributions of 111 In radioactivity in the injured legs, which were identifiable on multiple transverse, coronal, and sagittal slices, could be visualized on In-oxine labeled satellite cells in right TA muscle. The legs of the rat were imaged using FastSPECT II over 168 h. Images were taken with 5-min acquisition times. Time-activity curves of legs were generated by ROI analysis and plotted below in panel (b), which indicate locally administered radioactivity in the healthy muscle decreases with time. Based on this in vivo radioactive data, 5-10 % of transplanted cells were estimated to survive out to 168 h tomographic images after 24 h of cell transplantation (Fig. 2a) . The radioactivities in the control legs remained at low background level up to 168 h post-injection. Quantitative results of computerized ROI analysis showed that the injection of 111 In-oxine-labeled satellite cells resulted in very little radioactive accumulation in the injured leg 3 h after intravenous injection of satellite cells, but radioactivity increased after 24 h and up to a peak at 72 h post transplantation, after which the radioactivity diminished slightly (Fig. 2) . After radioactive distributions detected by FastSPECT II imaging were compensated for differences in injected dose as well as 111 In decay over time, the results of imaging measurements in the injured sites were significantly different from that in the control areas at 72, 144, and 168 h (p \ 0.05). Seven days after injury there was an *26 % reduction in the wet weight of the TA muscle from the injured leg as compared to the non-injured leg (p \ 0.05), but no difference between the EDL muscles between injured and control legs. This suggests the injury was significant but the therapeutic transfer of satellite cells was insufficient to maintain muscle mass at that time point.
Biodistribution and spatial distribution of systemically delivered 111 In-oxine-labeled satellite cells
The results of biodistribution measurement 7 days after intravenous cell injection and FastSPECT II imaging in the rats with muscle injury are shown in Fig. 3a . High levels of Fig. 2 In-oxine labeled satellite cells. Radioactivity levels were corrected for 111 In decay and acquisition time. At 72, 144, and 168 h after systemic injection of satellite cells, the radioactivity in injured TA was significantly higher than the control leg (n = 3, p \ 0.05). * indicates significantly different from the control non-injured leg. Values are mean ± standard error of the mean (SEM) radioactivity were found in the lung, liver, spleen, and kidneys. Radioactivities in the injured muscles (TA, EDL, gastrocnemius, and soleus) were significantly higher than that in control muscles (Fig. 3a inset ; p \ 0.05). Muscle mass was not different between control and injured EDL muscles; however, muscle weight was significantly less in the injured TA (Fig. 3b) .
Autoradiography was also performed to determine spatial distribution of radioactivity and to confirm the Fast-SPECT II imaging results in the injected TA muscle and underlying EDL. Intense signal was observed in the injured TA and EDL muscles but only slight background signal from the non-injured TA and EDL muscles (Fig. 4) .
Systemically delivered satellite cells labeled with 111 InOxine and eGFP migrate to injury sites-eGFP verification Satellite cells co-labeled with 111 In-oxine and eGFP were injected systemically as previously described. Since the cells were transfected with the pEGFP vector during culture, fluorescent imaging as well as real-time PCR techniques were used to validate the existence of transplanted satellite cells within the injured TA muscles at 7 days posttransplantation. The visualization of eGFP-labeled cells indicate that co-labeled cells reside within the injured muscle (Fig. 5a ), an observation that was confirmed quantitatively with eGFP gene expression (Fig. 5b) . The difference in GFP in injured muscles was similar to that determined with FASTSPECT imaging (Fig. 2) . These data support the contention that the intense radioactivity in the left TA muscles (injured side) is associated with the transplanted satellite cells.
Systemically delivered satellite cells labeled with quantum dots migrate to injury sites To provide additional confirmation that systemic administration of cultured satellite cells results in migration to sites of muscle injury, cells were labeled with quantum dots and In-oxine labeled satellite cells. Bupivicaine was injected intramuscularly for injury. Seven days after IV injection and after the completion of FastSPECT II imaging, some muscles and organs were explanted and their level of radioactivity determined. In addition to an increase in radioactivity of muscles of the injured leg (inset), there was an increase in radioactivity in organs such as the lung, liver, spleen, and kidneys. Data were computed as radioactivity normalized to mass of tissue and presented as mean ± SEM, n = 3 per organ. b Wet weight of tibialis anterior (TA) and extensor digitorum longus (EDL) muscles 7 days after intravenous (IV) injection of injected intravenously 24 h after bupivacaine-induced injury. Satellite cells labeled with quantum dots (red) were found in regenerating skeletal muscle 6 days after injection (Fig. 6a-c) . Satellite cells labeled with quantum dots and expressing MyoD were also observed in (Fig. 6d-e) providing evidence that these cells remain myogenic. Although limited, some transplanted cells still express Pax7 a marker for satellite cells (Fig. 6f) .
Discussion
To address the issue of whether 111 In-oxine labeling and SPECT imaging can be used for in vivo quantification of satellite cell homing when delivered systemically, and whether satellite cells migrate to injured tissue after intravenous injections, three different approaches were used in these experiments, each providing unique Fig. 4 Autoradiography images of bupivicaine-damaged tibialis anterior (TA) and extensor digitorum longus (EDL) muscles (left) versus uninjured TA and EDL muscles (right). After imaging with FastSPECT II for 7 days, the TA and EDL muscles were explanted and autoradiography images were taken. The right side of each panel is an image of the left TA muscle with the TA muscle at the top and the EDL muscle below. Images a, b, and c support time-based imaging results shown in Fig. 2 and indicate the presence of transplanted satellite cells to the injured muscle 7 days after intravenous injection. These images are from the same rats from which data were collected as described in Fig. 2 , where injury was induced in the TA muscle 24 h prior to intravenous delivery of 111 Inoxine labeled satellite cells In-oxine were injected intravenously, and muscles were imaged with FastSPECT II imaging at 2-3, 24, 72, 144, and 168 h after injury. Seven days after transplantation and after the completion of in vivo FastSPECT II imaging, TA muscles were explanted. a GFP was imaged histologically to confirm the localization of satellite cells within injured TA muscle (n = 1). The DAPI nuclear stain (blue) was used to co-stain section with GFP labeled cells (green). These data support the contention that Inoxine labeled cells injected systemically migrated to, and were localized within, the injured muscle. b mRNA levels of TA muscles were measured with RT-PCR. The yellow scale bar represents 100 lm advantages that provide information about cell survival, migration, and phenotype. Radiolabeling cells with 111 In oxine has the advantage of quantification in real time and with high sensitivity for *1 week. As demonstrated, labeled cells can be imaged using SPECT techniques and can provide quantifiable measurements based on these images. It was important, however, to verify that the radiolabel remained associated with the cells that were originally injected, which was accomplished by transfecting cultured cells with a plasmid expressing GFP prior to labeling with 111 In-oxine, which provided a sensitive, quantifiable marker of cell survival with a low number of cells. The third tracking approach involved pre-loading cultured satellite cells with fluorescent quantum dots, followed by immunolocalization of labeled cells in frozen sections of muscle at the end of the experiment.
In order to study the ability of systemically delivered satellite cells to home to injured tissue bupivacaine injections were used to generate muscle damage which provided a stimulus for migration and homing. Bupivacaine is a known cytotoxin that causes damage to muscle fibers without damaging the satellite cell population (Hall-Craggs 1974) , and injury to skeletal muscle has been shown to improve satellite cell engraftment (Torrente et al. 1999) . Using this common model of muscle injury, we sought to determine the usefulness of 111 In oxine labeling for tracking cells. The highly sensitive nature of radioisotopes combined with imaging capabilities have provided the means to determine migration that may have been overlooked in the past using standard techniques of histological assessment of sectioned tissue. By utilizing the non-invasive high-resolution SPECT imaging, long-term studies of Fig. 6 Satellite cells were labeled with quantum dots (QD705 nm) and injected intravenously 24 h after bupivacaine-induced muscle injury of left TA muscle. Seven days after injury (6 days posttransplantation), the left TA muscle was explanted, cryosectioned, and visualized for the presence of quantum dot labeled cells and stained for myogenic markers. Panels a and b are sections from rat TA muscle stained for dystrophin (green), DAPI nuclear stain (blue), and QD705 labeled satellite cell (red). Panel c is a magnification of the outlined image in panel image b. Panel d is an image of TA muscle stained for MyoD (green) and QD705 satellite cells (red), e image of TA muscle stained for MyoD (green), DAPI nuclear stain (blue), and QD705 labeled satellite cells (red), f image of TA muscle stained for Pax7 (green), DAPI nuclear stain (blue), and QD705 labeled satellite cells (red). Yellow scale bar is 100 lM. QD labeled satellite cells migrate to sites of injury and stain positive for MyoD (d), contribute to regeneration (e), and stain positive for Pax7 (f) transplanted satellite cells were possible without sacrificing numerous rats. As shown in Fig. 2 , there was a significant increase in the number of 111 In-oxine labeled cells in the injured leg, as compared to the non-injured control leg after intravenous injection. Autoradiography of the muscles verified the FastSPECT II analysis (Fig. 4) . Interestingly, we observed a similar increase in GFP gene expression (Fig. 5) in the injured leg, which is consistent with Fast-SPECT II imaging data (Fig. 2) ; this provides verification of the 111 In-oxine labeling and FastSPECT II imaging data. In addition, analysis of GFP expression suggests an egress from the vasculature to the injured TA muscle and not to the control non-injured side, similar to that found with 111 In-oxine. Although in the current study the persistence of cells in the lungs was not measured over time, it is interesting to compare our findings with those of Huang et al. (Huang et al. 2010) where the arrival of embryonic stem cell-derived endothelial cells in the injured muscle was coincident with a decrease in the number of cells localized in the lungs. A plausible speculation is that the increased cell localization in the injured muscle over time in the current study was a result of cells migrating from the lungs or other clearance organs.
The biodistribution of the 111 In-oxine labeled cells indicates that high levels of activity were measured in the lung, liver, spleen, and kidneys (Fig. 2a) , similar to that previously described (Gao et al. 2001; Hou et al. 2005) . Since the EDL muscle lies directly below the TA muscle, it is likely that the bupivacaine leaked into the EDL muscle causing muscle damage or that the damage in the TA muscle caused compensation by the EDL muscle resulting in an increased need for repair and satellite cell recruitment. Subsequent experiments using QD705-loaded cells verified that the data generated by 111 In-oxine labeling was consistent with the migration of labeled satellite cells to the injury site (Fig. 6) . Furthermore, the detection of MyoD and, to a lesser extent Pax7, in QD705-loaded cells demonstrated that injected cells had maintained their myogenic potential. Collectively, these data support the idea that systemically injected satellite cells migrate to the site of injury and that 111 In-oxine labeling and SPECT imaging can be used to track this process.
Systemic delivery of satellite cells and other stem cells promises to be a valuable technique, but it has not been easy to study. To date, most of the current knowledge of cell migration has been elucidated through in vitro migration assays in which lack the tissue complexity derived from contributing factors from immune cells, extracellular matrix interactions, three-dimensional nature of cell migration, and fiber-to-fiber migration. A compelling demonstration of the utility of 111 In-oxine labeling and SPECT tracking is the observation that transplanted satellite cells do not go directly to the site of injury after tail vein injections but arrive there over a 3-day time frame. These results raise questions as to where the cells go during this time and what mechanisms are involved in homing to an injury site. A limitation to the current study was that cell proliferation and cell viability in vivo was not measured; therefore, it is not possible to ascertain the extent to which the cells localized to a specific area are representative of the entire, original population delivered. Nonetheless, from a therapeutic perspective the current study supports the idea that satellite cells can be delivered systemically to injured muscle, regardless of changes in cell kinetics. Cells injected into both injured and non-injured animals were found in the lungs, kidney, and spleen; however, in the injured rats, more cells migrated to the site of injury. The 111 In-oxine/SPECT tracing technique lends itself to experiments that can address this question, and this tracking technique may facilitate studies designed to improve targeted migration from the bloodstream to the site of injury after intravenous injection.
